The first 12 years (1974)(1975)(1976)(1977)(1978)(1979)(1980)(1981)(1982)(1983)(1984)(1985) of continuous atmospheric CO 2 measurements from the NOAA GMCC program at the Mauna Loa Observatory in Hawaii are analyzed. Hourly and daily variations in the concentration of CO 2 due to local sources and sinks are described, with subsequent selection of data representing background concentrations. A digital filtering technique using the fast Fourier transform and low-pass filters was used to smooth the selected data and to separate the seasonal cycle from the long-term increase in CO 2.
INTRODUCTION
The Mauna Loa Observatory (MLO), located at 19.5øN,
155.6øW on the island of Hawaii, is one of four baseline atmospheric monitoring stations operated by the Geophysical Monitoring for Climatic Change (GMCC) program of the National Oceanic and Atmospheric Administration (NOAA).
the standard deviation of the 1-min average CO 2 analyzer voltages about the hourly average voltage. The standard deviation is then multiplied by a factor which depends on the sensitivity of the CO 2 analyzer for that hour, giving the hourly CO 2 variability in parts per million (ppm) of CO 2. with stable CO 2 concentrations (hourly variability <0.3 ppm), LT, and omitting hours with variable CO 2 concentrations. but they can also bring air with highly variable CO 2 concentra-Next, the departure of each individual hourly value from the tion. This variability is due to air contaminated by outgassing daily average was computed, and these differences were of the Mauna Loa volcano [Miller and Chin, 1979] . Because of averaged over 1 month for each hour of the day. the proximity of the summit caldera to the observatory (-7 km), The larger amplitude of the diurnal cycle during the summer there is little mixing of the air before it reaches the observatory. results from a combination of several factors. The vegetation As a result, nighttime hours tend to have either very steady CO 2 on the lower slopes of the mountain may be more photosynvalues or very variable CO 2 values. After the eruption of the thetically active during the summer with increased uptake of Mauna Loa volcano in March of 1984, the number of hours CO 2. Upslope winds reach the observatory more often in during which volcanic contamination occurred increased summer than in winter [Mendora:a, 1969] . Also during the dramatically (Figure 2 ). Even so, data representing "baseline" summer the concentration of CO 2 at sea level is lower than the conditions are still present. concentration of CO 2 at the elevation of Mauna Loa. We will
In contrast, daytime warming of the mountain causes examine the effect that this vertical gradient in concentration upslope winds during the afternoon, bringing warm moist air to has on the diurnal cycle later in this paper, when CO 2 measurethe observatory from the vegetated lower slopes of the ments made at the sea level site at Cape Kumukahi, Hawaii, are mountain. This air tends to have CO 2 concentrations of low compared with those made at Mauna Loa Observatory. variability, usually less than 0.5 ppm. The steadiness of the afternoon CO 2 concentrations within an hour is a result of the 3. DATA SELECTION large thickness of the air mass (up to 600 m) during upslope The objective of selecting data is to identify those hourly conditions and the distance between the observatory and the CO 2 values that are representative of well-mixed air at the nearest vegetation that could affect CO z concentrations (-20 latitude of Mauna Loa and which are not affected by some km). Thus the signal from local sources and sinks is thor-known local phenomenon. Although data selection can be oughly mixed into a deep layer of air by the time it reaches the based on independently measured parameters, such as wind observatory.
In addition to having low hourly variability, air that is brought up the mountain by the afternoon upslope winds is often depleted in CO 2. This is caused by uptake of CO 2 by island vegetation on the lower slopes of Mauna Loa [Pales and Keeling, 1965; Keeling et al., 1976] . This afternoon depletion varies in magnitude, depending on the time of the year, and is largest during the summer months (Figure 3) . The values shown in Figure 3 were obtained by first computing the daily average concentration, using only data from midnight to 0700 speed and direction, we have used a statistical approach for rejecting certain data. The basic assumption is that the concentration of CO 2 in well-mixed air should change by only a small amount over several hours. This assumption is based on the fact that at very remote monitoring sites, such as South Pole, Antarctica, the variability within an hour and hour to hour is very small (<0.1 ppm, Gillette et al. [1987] The first step in our data selection scheme is a comparison of the digitally recorded hourly average CO 2 concentrations with an analog recording of the CO 2 analyzer output on a strip chart recorder. Any hours that have significantly more variability in the air trace than in the reference gas traces are flagged. Because the decision about the variability in the chart traces is a subjective one, the actual minimum magnitude of the variability at which an hourly value is flagged can vary, but it is most likely in the range of 0.2-0.6 ppm for the standard deviation of minute averages about the hourly mean. We call the data record after this selection process our preliminary selected data set.
The second step is to remove hours where the concentration changed by more than a specified amount from 1 hour to the next. Peterson et al. [1982, 1986] stipulated that if the difference between consecutive hourly average concentrations was larger than 0.25 ppm, then both of those hourly values should be rejected. We have used a slight modification of this scheme in our selection process. Beginning with the preliminary selected data set, we calculated the hour-to-hour changes in CO 2 concentration and retained any two consecutive hourly values where the hour-to-hour difference was less than 0.25 ppm.
Although the two selection processes described (within an hour variability and hour-to-hour variability) removed much of the obviously variable data, visual inspection of the remaining data showed that most of the diurnal signal was still present, as well as groups of hourly values that stood out from the bulk of the remaining data. Since the diurnal cycle is clearly a local phenomenon, the hourly values affected by the afternoon drawdown in CO 2 concentration should not be included with the "baseline" data set. One way to exclude this data would be to use only nighttime (midnight to 0700 LT) CO 2 values.
However, volcanic episodes that occur during the night can leave relatively few hours of data for analysis. In addition, uniform elimination of two-thirds of the data will remove valid measurements, since local influences on the daytime data are not observed all of the time.
In order to alleviate these problems, an algorithm was developed for objectively removing data exhibiting afternoon diurnal variations and for removing any outliers that remain for the other times of the day.
The method for this final selection was to use an iterative approach, working with 1 month of hourly data at a time. First, those hours when the diurnal drawdown usually occurred (1100-1900 LT) were temporarily removed. Daily averages and corresponding standard deviations were calculated from the remaining hourly data, and a weighted spline curve [Reinsch, 1967] was fit to the daily averages. Then, for each day, those hourly concentrations which differed from the curve by more than twice the standard deviation for that day were removed.
The process of calculating daily averages, fitting the spline curve, and removing hourly values was repeated until the standard deviation for each day was less than 0.3 ppm. At this point, those afternoon hours temporarily removed at the beginning of the selection that were within 0.3 ppm of the spline were replaced, as well as any hourly values which were removed in the previous step but were now within 0. Table 2 , where the original data (without selection) have also been included. Figure 5 shows the result of each selection scheme for the months of January and August. Table 2 and Figure 5 show that generally all selection schemes arrived at the same result within a few tenths of a part per million, but that small systematic effects are present. The largest difference in the schemes is in the number of hourly values that remain. The monthly and annual averages calculated from the preliminary selected data set (which does Table 2 ) tended to yield values higher than the other selection methods, probably because they were not completely effective at removing high CO 2 values due to volcanic contamination. The assumptions for the running median' selection method were probably violated for August. This could explain the low value observed when rite rumting median tended to follow the strong afternoon drawdown during the middle of the month. We feel our final selection scheme is a good compromise for removing the diurnal cycle without sacrificing a large amount of the data. Values in parts per million above 300.00. Monthly averages are calculated using daily averages. Annual averages are calculated using monthly averages.
*Methods are as follows: 1, Complete data set (no selection); 2, preliminary selected data set; 3, preliminary selected data set for nighttime hours (midnight to 0700 only); 4, nighttime hours (midnight to 0700) where hourly standard deviation is less than 0.3 ppm; 5, selected using A total of 4382 points were used, of which 86.1% were GMCC daily averages, 1.9% were SIO daily averages, 0.3% were flask values, and 11.8% were interpolated.
The FFT also requires that the number of points used be an integral power of 2. Therefore the data must be "zero padded" to obtain the required number of points. This is done by first removing from the data the mean and a linear trend which passes through the first and last data points, so that the data set is approximately centered around zero and begins and ends with zero. The data record is then extended by 1 or 2 years (depending on the type of filtering, explained later) on each end by repeating the first and last years of data, with the provision that the added data begin and end each year at zero. This extrapolation was included to minimize any end effects that occurred during the filtering process. An equal number of points with zero value are then added at each end of the data until the required number of points is obtained. 
Power Spectrum
The power spectrum of the Mauna Loa record is shown in Figure 6 . The spectrum was computed by smoothing the (10% tapered) periodogram with two passes of a modified Daniell filter [Bloomfield, 1976] . The spectrum in the insert is for the low-frequency portion of the spectrum in which the annual cycle and its harmonics are situated. This portion has been smoothed to a lesser extent in order to retain the separation between the peaks in the harmonics. It is clear that the annual cycle fundamental and its first harmonic (6-month period) are significant (see, for example, Keeling et al. [ 1976] ). In order to evaluate whether any other peaks in the spectrum are significant, we need a base for comparing the significance levels.
The Mauna Loa COe record shows a large degree of "persistence," that is, each value is influenced by the immediately preceding value. Thus the power spectrum will have a different shape from that due to a purely random process. We can approximate the shape of a power spectrum that has persistence by computing the spectrum of a first-order autoregressive process and use this "null" continuum for determining if any nonrandomness is present in the power spectrum [Worm Meteorological Organization, 1966] . The shape of the "null" continuum depends on the value of the lag one auto covariance in the data. Before we computed this value though, we first needed to remove any influences caused by the removed when using higher cutoff points. Enting [1987] found a correlation between the peak heights for each spring and the following fall for SIO monthly mean data from 1960 to 1981. Low-amplitude peaks in the spring were followed by low-amplitude troughs in the following fall. He did not find any correlation between the fall troughs and the following spring peak. If we plot the absolute values of the maximum and minimum values for the seasonal cycle (Table 3) in a manner analagous to that of Enting, we find a correlation opposite to that stated by Enting. We see no correlation between the size of the peaks and troughs in the same year (correlation coefficlent r = 0, Figure 11a ), but we do find a correlation for the size of the fall troughs followed by the spring peak (r = 0.86, Figure 11 b) .
In an attempt to explain this difference, we also analyzed the SIO monthly mean data in the same manner that we analyzed the GMCC daily average data. We were nearly able to reproduce Enting's results using a filter with a low-frequency cutoff point (150 days), but the correlations changed when a higher-frequency cutoff was used. We also found that the later years of the record had a higher correlation between the fall trough and the following spring peak than the earlier years.
The NOAA monthly mean data also gave slightly different correlation values than the SIO data. Thus these correlations seem to depend on the filtering technique, the averaging time of the data, and the period of data used. Enting's results may be due to significant autocorrelation in his digital filter for the time span between the maximum and minimum in the seasonal cycle (I. Enting and M. Manning, personal communication, 1988). This was found by passing the filter through white noise and calculating the autocorrelation at various lags. We computed the autocorrelation of our filter in the same manner and found it to be negligible for the time spans of interest (approximately 136 and 229 days).
The dates at which the minima of the annual cycle occur are more consistent than the dates of the maxima. The dates at which the seasonal cycle crosses the trend line are also more consistent for the drawdowns in July than for the increases in January. Peterson et al. [1986] found a similar consistency for the continuous CO 2 measurements at Barrow, Alaska. This suggests that the forces that drive the summer CO 2 drawdown in the northern hemisphere are stronger and more regular than any interannual variability in CO 2 but that during the winter and spring the release of CO 2 by the biosphere and atmospheric transport are more variable in time and more easily affected by regional or hemispheric variations in CO 2. This can also be seen in Figure 4 , where there tend to be larger and more frequent excursions from the filtered curve during the first half of the year than in the latter half.
CO 2 Growth Rate
The trend line of Figure 8 is the result of fossil fuel combustion, changes in the amount of carbon held in standing biomass and soils, and global-scale phenomena such as E1 For the various derived parameters we calculated the statistical uncertainties that arise both from the atmospheric variability (noise) in the data as well as that due to the filtering techniques involved. The uncertainties for Mauna Loa were consistently lower than the uncertainties for the parameters derived from the flask sampling program at Cape Kumukahi. There are also features in the data that can only be determined with the high frequency sampling and subsequent analysis (using hourly and daily averages in our case) that is possible with continuous measurements. For example, there is a significant band of frequencies with periods of 1-2 weeks in the power spectrum of the Mauna Loa data that cannot be seen when sampling at weekly intervals with flasks or when using weekly or monthly averages.
The seasonal amplitude at Mauna Loa was found to be increasing at a rate of 0.05 + 0.02 ppm yr 4 . The average growth rate was 1.42 + 0.02 ppm yr 1 . The airborne fraction for 1974 through 1984 was 58.7%. The Mauna Loa seasonal cycle was found to have a smaller amplitude and a phase lag with respect to the cycle determined from flask sampling at sea level at Cape Kumukahi. Also, the mean concentration at Mauna Loa is less than at Cape Kumukahi. This leads to a seasonally varying vertical gradient between the sea level and the high-altitude sites. Only minor differences were found in the growth rates between Mauna Loa and Cape Kumukahi for the years 1976-1985. and helpful comments on the text, and J. F. S. Chin for his diligent efforts in operating the CO 2 analyzer system at Mauna Loa for the full course of the record.
